Objective-Desmin, an intermediate filament, has a key role in the integrity of myocytes, and its absence induces cardiomyopathies. Mice lacking desmin (DesϪ/Ϫ group) exhibit microvascular dysfunction leading to smooth muscle hyporeactivity. We investigated the effect of the absence of desmin in mice (DesϪ/Ϫ mice versus Desϩ/ϩ mice) on the adaptation of mesenteric arteries to changes in blood flow. Methods and Results-With the use of selective ligations of second-order mesenteric arteries, blood flow was either diminished (low flow [LF]) or elevated (high flow [HF]); respective LF to HF values were 136Ϯ18 to 206Ϯ29 L/min for Desϩ/ϩ mice and 119Ϯ14 to 189Ϯ24 L/min for DesϪ/Ϫmice in daughter arteries. Two weeks after ligation, arteries were mounted in an arteriograph, allowing the measurement of diameter under controlled conditions of pressure and flow. In HF arteries, diameter changes in response to increases in pressure were higher in DesϪ/Ϫ mice than in Desϩ/ϩ mice. Conversely, in LF arteries, diameter was lower in DesϪ/Ϫ mice. Flow-dependent dilation was higher in HF arteries and lower in LF arteries than in control arteries. This adaptation was lower in DesϪ/Ϫ mice than in Desϩ/ϩ mice (11.6Ϯ3.1% versus 25.5Ϯ4.8% dilation, respectively). Endothelial NO synthase expression increased in HF arteries in both strains. Conclusions-These findings provide a demonstration of the role of the intermediate filament desmin in microvascular remodeling. This dysfunction might take place in desmin-related myopathies. (Arterioscler Thromb Vasc Biol. 2002; 22:1579-1584.)
D esmin is a constitutive subunit of the intermediate filaments in skeletal, cardiac, and smooth muscle cells. 1 The absence of desmin or its disassembly is associated with skeletal and cardiac myopathies in mice and humans. 2, 3 We have recently reported that mice lacking the gene encoding for desmin suffer from a selective microvascular disorder consisting of decreased reactivity of smooth muscle cells to vasodilator and vasoconstrictor stimuli. 4 This defect in smooth muscle cell function might be related to decreased mitochondrial function and energy supply in cells of desmindeficient (DesϪ/Ϫ) mice, 5 which might impair both dilatory and contractile functions requiring phosphorylation. Indeed, protein kinase C binds to intermediate filaments, and the absence of desmin might affect protein kinase C-dependent functions. Similarly, calcium handling, 6 potassium channel activity, 7 and phospholipase activity depend on cytoskeletal integrity. 8 The role of desmin in smooth muscle cell function motivates the hypothesis that its absence may affect the long-term functional and/or structural adaptation of resistance arteries to chronic changes in blood flow. Long-term adaptation of blood vessels to changes in pressure and/or blood flow allows optimal feeding of organs in physiological and pathological situations, including physical exercise, hypertension, diabetes, ischemic disease, and tumor growth. Thus, we assessed the adaptation of small (resistance) arteries to a 2-week change in blood flow. Whereas the adaptation of large arteries to chronic changes in blood flow has been widely studied, 9, 10 the equivalent interpretation in resistance arteries remains sparse and controversial. In large arteries, the adaptation or remodeling induced by an increase in flow depends mainly on the endothelial production of NO. 9, 11 In small resistance arteries, chronic exercise leads to an increased diameter and enhancement of endothelial NO and prostanoid production. 12 In other studies, mesenteric arteries were alternatively ligated so that arteries from the same vascular bed had either low flow (LF) or high flow (HF). 13, 14 In this model, flow changes without significant changes in blood pressure. In addition, this model allows the study of arteries subjected to LF, which is a situation representative of ischemic disease.
Although cytoskeletal proteins play a central role in endothelial structural and morphological responses to flow, 15 no study to date has investigated the role of cytoskeletal proteins in a perfused and functional resistance artery submitted to physiological flow conditions. In the present study, we tested the hypothesis that microvascular adaptation to changes in blood flow might be modified by the absence of desmin. We used small mesenteric resistance arteries in mice lacking the gene encoding for desmin. Mesenteric arteries were submitted to selective ligations, as previously described, 13, 14 to generate consecutive arteries with a normal flow (NF), HF, or LF rate within the same arterial bed.
Methods

Arterial Ligations
Adult male littermate mice (DesϪ/Ϫ and Desϩ/ϩ, 3 to 4 months old) were produced in Prof Denise Paulin's laboratory 5 (University of Paris). Surgery was performed to modify blood flow in the mesenteric arteries of mice as previously described in rats. 13, 14 Briefly, a ligation of the second-order arterial and venous branches was performed near the gut (please see online Figure I , which is available at http://atvb.ahajournals.org). Ligation was performed with 7-0 silk surgical thread and was applied on every other first-order mesenteric artery side branch. Similar surgery, but without the ligation, was performed in the sham-operated group. Arteries were designed as LF, HF, NF, or sham (arteries from sham-operated mice).
All procedures involving the care and euthanasia of the study animals were in accordance with the European Community standards on the care and use of laboratory animals (Ministère de l'Agriculture, France, authorization No. 00577).
Although 112 mice were included in the present study, 204 mice were subjected to surgery, and 92 died from intestinal occlusion. The survival rate was 52% in DesϪ/Ϫ mice and 57% in Desϩ/ϩ mice.
Blood Pressure and Blood Flow Measurements
In mice anesthetized with pentobarbital (50 mg/kg IP), the right carotid artery was cannulated to measure blood pressure, as previously described. 16, 17 A medial laparotomy was then performed. Body temperature was maintained at 37.5°C by a thermostatically controlled heating platform. A section of the ileum was extracted and spread over a gauze swab that had been dampened with a sterile physiological salt solution (PSS). A segment of a first-order mesenteric arterial side branch was dissected free of fat and connective tissue under a dissection microscope. With the use of a micromanipulator, a transit-time ultrasonic flow probe (0.5-mm V series, Transonic Systems, ) was placed around the artery. Flow was determined with a T106 flowmeter (Transonic). A zero-flow reading was obtained by softly clamping the artery under investigation. Then, flow was determined and recorded over a period of 10 minutes (each flow value was the average of at least 3 minutes of recording).
Pressure Myograph Experiments
Segments of arteries were isolated from the mesenteric circulation and cannulated at both ends in a video-monitored perfusion system (LSI), as previously described. 16 -18 Briefly, arteries were bathed in PSS (pH 7.4, PO 2 160 mm Hg, and PCO 2 37 mm Hg). Pressure was controlled by a servo-perfusion system, and flow was generated by a peristaltic pump. Diameter changes, wall thickness, and pressure were measured continuously. At the end of each experiment, arteries were perfused and superfused with a calcium-free PSS containing EGTA (2 mmol/L) and sodium nitroprusside (SNP, 10 mol/L), and pressure steps were repeated to determine the arterial passive diameter. 4,16 -18 
Histomorphometry of Isolated Resistance Arteries
Arteries were mounted in an arteriograph, as described above, and bathed in a calcium-free PSS containing EGTA (2 mmol/L) and SNP (10 mol/L). Pressure was set at 75 mm Hg, and vessels were fixed in 10% formaldehyde in saline solution (30 minutes) and sectioned (10-m-thick sections). Morphometric analysis was performed with an automated image processor. 19 
Experimental Groups
Changes in Diameter Over Time
In a preliminary group of experiments (48 mice), surgery was performed to alter blood flow, and mice were used 1, 2, or 3 weeks later (nϭ8 per group). Similarly, sham-operated mice were used 1, 2, or 3 weeks later (nϭ8 per group). These experiments were performed to determine the time course of the flow-induced remodeling in mouse mesenteric arteries, because previous studies using this model were conducted in different species. In each animal, a segment of mesenteric artery was mounted in a pressure myograph, and passive arterial diameter was determined for pressure values ranging from 10 to 150 mm Hg. 4,16 -18 
Blood Flow and Passive Diameter Measurements
In 16 DesϪ/Ϫ and 16 Desϩ/ϩ mice, surgery was performed to alter blood flow in mesenteric arteries. The experimental and shamoperated (control) groups (4 groups of 8 mice each) were used 2 weeks later to determine mean arterial blood pressure and blood flow in the mesenteric arteries. Arteries were then excised and cut into 2 segments. One segment was mounted in a pressure myograph, and passive arterial diameter was determined. From internal diameter values, cross-sectional compliance was calculated. 4, 17 The other segment was also mounted in a pressure myograph and fixed at a pressure of 75 mm Hg for histomorphometric analysis. 19 Because no difference was found in blood flow (Table) and passive diameter (online Figure I) between mice subjected to ligation and sham-operated mice, the following experiments were conducted without sham-operated mice. HF and LF arteries were compared with NF arteries from the same mouse.
Flow-Dependent Dilation and Pharmacological Study
In 20 other mice (nϭ10 per group), surgery was performed, and after 2 weeks of experimental conditions, arteries (HF, NF, and LF) were excised and subsequently cut into 2 segments. One segment was mounted in a pressure myograph. Pressure was set at 75 mm Hg, and myogenic tone developed. 16, 17 Flow was then increased in steps, and the arterial dilation was determined. 16, 17 Flow-mediated dilation was subsequently repeated after the addition of N G -nitro-L-arginine methyl ester (L-NAME, 0.1 mmol/L) to the bath. 16, 17 With the other arterial segment, cumulative concentration-response curves to phenylephrine and calcium (in a calcium-free PSS containing 80 mmol/L KCl) were obtained. SNP concentration-response curves were then obtained after preconstriction of the arteries with phenylephrine (1 mol/L). 16 Mean arterial pressure (MAP) was measured in the carotid artery. Arterial blood flow was measured in mesenteric arteries (MA) having a high, low, or normal blood flow due to arterial ligation. Animals were Desϩ/ϩ or DesϪ/Ϫ mice. Some mice were operated but no ligation was performed (sham-operated mice).
ND indicates not determined. Although some flow was visible in the low-flow arteries, it could not be determined due to the detection limit of the apparatus. *PϽ0.05 vs sham.
Western Blot Analysis of Endothelial NO Synthesis
In a separate series of experiments involving 12 mice, surgery was performed as described above, and arteries were collected after 2 weeks (nϭ6 per group). As previously described, 20 
Statistical Analysis
Results were expressed as meanϮSEM. Significance of the differences among groups was determined by ANOVA (1-factor ANOVA or ANOVA for consecutive measurements). Means were compared by a paired t test or by the Bonferroni test for multigroup comparisons. Values of PϽ0.05 were considered significant.
Results
Body weight and mean arterial blood pressure were not significantly affected by the surgical intervention in either Desϩ/ϩ or DesϪ/Ϫ mice compared with sham-operated mice (Table) . Similarly, body weight and mean arterial blood pressure were not affected by the absence of desmin (Table) . A preliminary set of experiments was conducted in control mice to determine the time necessary for complete remodeling. The increase in diameter in HF arteries was significant 2 weeks after ligation. After 3 weeks, diameter in HF arteries was equivalent to that measured after 2 weeks (online Figure  I) . In LF arteries, the reduction in diameter was significant after 1 week and did not change thereafter (online Figure I) . There was no significant difference between NF arterial diameter in mice subjected to arterial ligation and arterial diameter in sham-operated mice (online Figure I) . Similarly, there was no significant difference between NF arterial diameter in mice subjected to arterial ligation and arterial diameter in sham-operated mice after 1, 2, or 3 weeks (data not shown). Finally, arterial diameter was not affected by the duration of the experiment (1 to 3 weeks) in NF arteries or in arteries from sham-operated mice.
Blood flow was measured in DesϪ/Ϫ and in Desϩ/ϩ mice. Blood flow was significantly higher in HF than in NF arteries. This increase was similar in DesϪ/Ϫ and Desϩ/ϩ mice. In LF arteries, flow rate was too low to be determined, although flow was visible. Blood flow in sham-operated mice was not altered in either strain (Table) .
Passive arterial diameter was measured in DesϪ/Ϫ and Desϩ/ϩ mice (Figure 1 ). Passive diameter was higher in HF than in NF arteries. Conversely, it was lower in LF arteries than in NF arteries. The difference in diameter between HF and NF arteries was higher in DesϪ/Ϫ than in Desϩ/ϩ mice (eg, 32Ϯ4% increase in diameter in DesϪ/Ϫ mice versus 21Ϯ4% increase in Desϩ/ϩ mice when pressure was 100 mm Hg). In LF arteries, passive diameter was lower in DesϪ/Ϫ mice than in Desϩ/ϩ mice (Figure 1 ). The absence of desmin had no significant effect on the arterial diameter in NF arteries. There was no difference in arterial diameter between NF arteries and arteries isolated from sham-operated mice (eg, for a pressure of 100 mm Hg, 180Ϯ6 versus 175Ϯ8 m, respectively, in Desϩ/ϩ mice and 171Ϯ9 versus 177Ϯ10 m, respectively, in DesϪ/Ϫ mice; nϭ8 per group).
Wall thickness was measured in mesenteric arteries for pressure values ranging from 10 to 150 mm Hg (Figure 2A ). Wall thickness was not significantly different in HF arteries Arterial wall thickness (A) and cross-sectional compliance (B) were determined in mesenteric arteries submitted to stepwise increases in pressure. In another series of experiments, medial thickness (C) and media-to-lumen ratio (D) were determined in similar arteries mounted in an arteriograph, submitted to a pressure of 75 mm Hg, and fixed in formaldehyde for histomorphometric analysis. LF, HF, and NF arteries were isolated from DesϪ/Ϫ and Desϩ/ϩ mice (nϭ10 per group). *PϽ0.05 for LF or HF vs NF; #PϽ0.05 for DesϪ/Ϫ vs Desϩ/ϩ mice.
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versus NF arteries in either DesϪ/Ϫ or Desϩ/ϩ mice. Arterial wall thickness was higher in LF arteries than in NF arteries in DesϪ/Ϫ and Desϩ/ϩ mice, although this was significant only in Desϩ/ϩ mice (Figure 2A ). Arterial wall cross-sectional compliance was markedly decreased in LF arteries, and this decrease was significantly more pronounced in DesϪ/Ϫ mice ( Figure 2B) . In HF arteries, arterial wall cross-sectional compliance was not significantly affected, although it slightly increased in DesϪ/Ϫ and Desϩ/ϩ mice ( Figure 2B ). The absence of desmin did not significantly change arterial wall thickness or arterial wall cross-sectional compliance in NF arteries (Figure 2A and 2B) . Medial thickness and wall-to-lumen ratio were also determined in these arteries after formaldehyde fixation at a pressure of 75 mm Hg. Medial thickness was not significantly different in NF arteries versus HF arteries and was significantly decreased in LF arteries ( Figure 2C) . The wall-tolumen ratio was increased in LF arteries compared with NF arteries, whereas it was not affected in HF arteries ( Figure  2D ). There was no significant difference in medial thickness and the wall-to-lumen ratio between DesϪ/Ϫ and Desϩ/ϩ mice.
When pressure was set at 75 mm Hg, myogenic tone developed (31 m active tone or 21Ϯ4% of passive diameter, nϭ10) in NF arteries isolated from Desϩ/ϩ mice. Myogenic tone was not different in HF arteries (22Ϯ4%, nϭ10), and it was lower in LF arteries (15Ϯ3%, nϭ10). In DesϪ/Ϫ mice, myogenic tone was similar to that in Desϩ/ϩ mice (not shown). Stepwise increases in flow in isolated arteries induced a significant dilation (Figure 3 ). Flow-mediated dilation was significantly higher in HF arteries than in NF arteries in DesϪ/Ϫ and Desϩ/ϩ mice (Figure 3) . Conversely, flowmediated dilation (FMD) was significantly lower in LF arteries than in NF arteries in DesϪ/Ϫ and Desϩ/ϩ mice (maximal dilation was 3.4Ϯ1.2 m in DesϪ/Ϫ mice and 4.0Ϯ1.1 m in Desϩ/ϩ mice, nϭ10 per group).
Inhibition of NO synthesis (L-NAME) significantly attenuated FMD (Figure 3 ). This inhibition was more pronounced in HF than in NF arteries (94Ϯ6% versus 67Ϯ10% inhibition, respectively; nϭ10 per group). The absence of desmin did not change the effect of L-NAME (93Ϯ8% versus 67Ϯ12% inhibition in HF versus NF arteries, respectively; nϭ10 per group).
The expression of eNOS was significantly higher in HF arteries than in NF arteries (Figure 3, bottom) . eNOS expression was not different in LF arteries versus NF arteries (Figure 3 ). No significant difference in eNOS expression was found between Desϩ/ϩ and DesϪ/Ϫ mice (Figure 3 ). In the same arteries, a Western blot analysis of actin was performed. No change in actin expression was found in HF and LF arteries, relative to NF arteries, and the absence of desmin had no effect on the expression of actin (data not shown).
Dilation induced by the NO donor SNP (see online Figure  II , top, available at http://atvb.ahajournals.org) was not affected by the increase in blood flow in either mouse strain. On the other hand, in LF arteries, SNP-induced dilation was strongly attenuated in both strains. SNP-induced dilation was significantly lower in DesϪ/Ϫ than in Desϩ/ϩ mice. Figure II, bottom) induced a concentration-dependent contraction of mesenteric resistance arteries. Phenylephrineand calcium-induced contractions were significantly lower in arteries from DesϪ/Ϫ mice compared with Desϩ/ϩ mice. In Desϩ/ϩ mice, phenylephrine-and calcium-induced contractions were not affected by the increase in blood flow, but they were markedly decreased after a reduction in blood flow. In DesϪ/Ϫ mice, phenylephrine-and calcium-induced contractions were significantly decreased in HF arteries, and this reduction was more pronounced in LF arteries.
Phenylephrine (online Figure II, middle) and calcium (online
Discussion
This is the first study showing a relationship between the absence of desmin and an exaggerated structural adaptation (remodeling) in response to changes in blood flow.
The model used allows the study of resistance arteries from the same arterial bed subjected to different levels of blood flow under the same conditions of pressure and circulating environment. This model had been initially described in rats. 13, 14 In previous studies, increases and decreases in flow have been reported to respectively induce outward and inward arterial remodeling. 10, 13, 14, 22, 23 This structural adaptation allows normalization of wall shear stress and is accompanied by a compensatory change in medial mass to restore circumferential wall tensile stress. Changes in arterial smooth muscle cell size and number also participate in this arterial remodeling in response to altered blood flow. 11, 13, 14, 22 In the present study, the response of mouse resistance arteries to changes in flow was comparable to that previously found in rat small arteries 11, 13, 14, 22 and large arteries. 9, 10 In control (Desϩ/ϩ) mice, the increase in flow induced a rise in arterial diameter, as previously shown in large arteries 9,10 and small arteries. 11, 13, 14, 22 In LF arteries, the remodeling was rapid, and in agreement with previous studies performed in rats, 13, 14 the reduction in blood flow resulted in inward remodeling accompanied by an hyporeactivity of smooth muscle and endothelium.
Flow-mediated vascular remodeling depends mainly on the capacity of the endothelium to produce vasodilator agents. Inhibition of NO synthesis strongly impairs flow-induced remodeling in large arteries. 9 In small arteries, this issue remains controversial because chronic NO synthesis blockade does not prevent flow-induced remodeling in rat mesenteric arteries in a model similar to the one used in the present study. 24 Nevertheless, we found increased eNOS expression in HF arteries, in agreement with a previous study performed under similar conditions, in the rat. 11 In addition, pharmacological treatments that improve FMD, such as ACE inhibitors, improve angiogenesis, suggesting a beneficial effect of FMD on vascular remodeling. 25 Thus, our results support, although they do not demonstrate, the concept that flow, by stimulating the expression of eNOS and consequently the production of NO, might play a role in vascular wall remodeling. Nevertheless, another pathway(s) might be stimulated in parallel. 24 In mice lacking desmin, we found significantly lower contractility of vascular smooth muscle, in agreement with our previous report. 4 Also in agreement with our previous study, we found that flow-and SNP-induced dilations were decreased in DesϪ/Ϫ mice, suggesting that the defect is located at the level of the smooth muscle. These observations, combined with the present finding that eNOS expression in DesϪ/Ϫ mice was identical to that in Desϩ/ϩ mice, confirm that endothelial function is not affected by the absence of desmin.
In DesϪ/Ϫ mice, mesenteric arteries overadapted in response to changes in blood flow. A possible explanation could be that the low muscular tone found in DesϪ/Ϫ mice causes an exaggerated structural response to flow. Indeed, one may consider the vascular response to a flow stimulus as a balance between endothelial stimulation by flow, which activates the remodeling process, and the smooth muscledependent contractile tone, which counteracts the effect of FMD. Indeed, resistance arteries possess a basal contractile tone 26, 27 that is continuously counteracted by FMD. Thus, the low contractility that was found in DesϪ/Ϫ mice arteries 4 could counteract flow-induced remodeling to a lesser extent than in control mice. In addition, we found that the increase in flow enhanced NO production by the endothelium and eNOS expression. This was identical in Desϩ/ϩ and DesϪ/Ϫ mice, consistent with the assumption that endothelial function was normal in DesϪ/Ϫ mice. Nevertheless, this issue would require further confirmation. Other explanations are possible. The absence of a key structural cytoskeletal protein such as desmin might change the mechanical behavior of cells, not in the short term (no change in pressure-diameter relationship was observed in DesϪ/Ϫ mice) but in the long term. This latter explanation is supported by our previous finding that vimentin-null mice also show an excessive diameter enlargement when submitted to a chronic increase in flow in the carotid artery. 23 Thus, the absence of 1 of the 2 main intermediate filaments, desmin or vimentin, leads to the same effect (an excessive arterial enlargement in response to a chronic change in blood flow). In addition, flow-mediated endothelium-dependent dilation is lower in vimentin-null mice than in control mice. 16 This observation and the low contractility found in DesϪ/Ϫ mice 4 suggest that the changes in acute vascular reactivity are not sufficient to determine the structural adaptation in response to long-term changes in the hemodynamic environment. The overadaptation of mesenteric resistance arteries to changes in hemodynamic conditions might reflect a higher blood flow need in downstream tissues. Indeed, the absence of desmin has been associated with a decreased mitochondrial function and energy supply, 5 which might be the cause of lower calcium handling, 6 potassium channel activity, 7 and phospholipase activity. 8 Indeed, the cardiomyopathies described in mice lacking desmin 2,3 could be associated with this low mitochondrial function. In addition, the exaggerated enlargement in HF arteries was associated with an exaggerated diameter reduction in LF arteries. This might be deleterious in ischemic tissues, in which arteries located downstream from an occlusion and subjected to LF would excessively reduce their diameter.
In conclusion, changes in blood flow in mice lacking desmin induced an exaggerated structural adaptation of resistance arteries. This might be due to an imbalanced flowdependent remodeling or to a higher blood flow need in tissues fed by resistance arteries. This overadaptation might also be a consequence of a defect in cytoskeleton capacity to rearrange after stimulation.
